Abstract: A microgrid is a combination of distributed energy resources and controllable loads. The main objective of this research is to optimize energy flow within a microgrid with regards to reliability in grid connected mode. A microgrid with combined heat and power, natural gas generator, diesel generator, solar energy, wind energy, and battery energy storage along with a critical load is considered in this research. An event oriented analytical method called FTA (fault trees analysis) is implemented for reliability optimization using PTC Windchill Solutions software in a microgrid. The reliability of each component in each energy source of the microgrid is calculated using FTA. The reliability of the critical load is evaluated. The quantitative and qualitative results of FTA are evaluated in order to interpret the results of fault tree. The sensitivity and uncertainty of the fault tree results for critical load is deduced by calculating the importance measures such as risk achievement worth, risk reduction worth, criticality importance and Fussel-Vesely importance. Finally from the results the components that are sensitive and at high risk are deduced.
Introduction
 Recently, the concept of a microgrid emerged as a viable solution to the technical and economic concerns associated with blackouts in traditional power systems [1] . A microgrid may be defined as a small-scale power system, which operates with respect to the main grid, by integrating DERs (distributed energy resources) close in proximity to user loads. Additionally, microgrid has two distinct modes of operation, namely grid connected and islanded modes. Due to the presence of transmission/distribution fault, the microgrid shifts from grid connected mode to an islanded mode. In an islanded mode, the power is supplied to the critical load and the microgrid disconnects from the main grid. Some benefits of a microgrid include increased reliability, low cost operation, and a reduced environmental impact. These benefits of a microgrid have attracted significant
Corresponding author: Sundari Ramabhotla, Ph.D., instructor, research fields: power systems, renewable energy, microgrids. research attention in recent years. A microgrid is connected to the main grid through a PCC (point of common coupling). The overall performance of a microgrid is affected by reliability and adequacy of DERs. For effective evaluation of the reliability of a microgrid system, indices like failure rate, repair time, and load unavailability are defined for use [2] .
Few researchers have investigated the impact of reliability on microgrids operating in islanded mode [3, 7] . Overall microgrid performance is affected by the reliability and adequacy of DERs. In Ref. [4] , a microgrid with PV, wind turbine, and other DERs is considered and sequential Monte Carlo method is implemented to study reliability of the microgrid. The reliability indices calculation helps to optimize the reliability of the microgrid. In Ref. [5] , economic issues, reliability, and establishment/quality of energy, are discussed in a microgrid with solar and wind generation and the reliability indices are calculated to evaluate the reliability of a microgrid with the help of the minimal path method. By integrating the D DAVID PUBLISHING microgrid with stochastically distributed generators, evaluation of microgrid reliability is performed using a new method as proposed in Ref. [5] . This paper proposes a new approach to evaluate and optimize reliability of a microgrid in islanded mode, using FTA (fault tree analysis). The reliability and availability of the outage of critical load is calculated with the help of PTC Windchill solutions software. Components at higher risk of reducing reliability are identified by calculating of using importance measures, this serves to optimize the reliability.
Reliability Optimization Using FTA Method
FTA is defined as an event oriented analytical technique in which an undesired state of a system is first specified, and then evaluated in the context of its environment and operation; the goal is to find all realistic ways in which the undesired event may occur. In a system, the critical state or failure with respect to the safety or reliability is specified by the undesired state. The undesired state of a component is considered as a top event in a fault tree and analyzed further for evaluation of reliability [2, 12] .
FTA is a deductive, top-down approach, which combines graphical models with qualitative and quantitative analysis. It includes probabilistic failure data with corresponding results associated with it. The qualitative analysis includes minimal cut sets, which represent the smallest events which can lead to the occurrence of the top event. The quantitative analysis determines the cause(s) for the occurrence of a top event and any other events when basic events probabilities are provided. Several parallel and sequential combinations of faults are represented by a graphical model. This will further lead to the top event occurrence which consists of a pre-defined undesirable event [2, 5, 12, 31] .
In a fault tree construction, logic gates connect primary events to the top event [28] . Primary events consist of both basic events and house events. Basic event, denoted by a circle, is a final part of the fault tree that consist of the undesired events as well as their failure modes [12] . An OR gate or an AND gate is used to start a top event for the FTA. Top events include the description, identification code, and sign denoting the logic gate. In the fault tree, when all the inputs occur at the same time, an AND gate is used to represent the output event, while OR gate is used for the output event, if any one of the input occurs. When there is not sufficient information to develop an event further, an undeveloped event is used [2] . The system's failure mode is denoted by the top event which is evaluated by its components and influence factors [2, 12] .
Qualitative Fault Tree Evaluation
Qualitative fault tree evaluation is a method to find the combinations of basic events which cause the top event to occur. For a fault tree in the form of Boolean logic equations, Boolean algebra rules are applied to obtain full equation(s) for the top event. The result(s) obtained will be in the form of a sum of products of basic events [2] .
MCS (minimal cut sets) represent the components failures which cause failures in the system [31] . An MCS may be acquired from the sum of products obtained from the combinations of basic events. A single MCS contains only one basic event, this implies that the system failure is caused by a single component. Similarly an MCS may contain n number of basic events. From all basic events, basic event probabilities are evaluated when the probabilistic data is assigned for each basic event. From the FTA, MCS is generated to find the basic event probabilities.
Quantitative Fault Tree Evaluation
In a fault tree, the basic event denotes the final part of the fault tree. The probability a top event occurring is calculated using the probabilities of a basic event occurrence. Hence, the quantitative analysis is the top event probability which represents the system failure probability. The equation for the quantitative analysis is given below in Eq. (1) as:
where, is the top event probability of the fault tree;
is the probability of occurrence of minimal cut set i ( ), n is the number of minimal cut sets, m is the number of basic events in the largest minimal cut set [2, 3, 12] .
The probability of the minimal cut sets is given as:
where parameters , , … . , denote the failure probabilities of basic events B1, B2, …, Bn, respectively. The probabilistic model is used to calculate the probabilities of each basic event. PTC Windchill Solutions simulation software is used to perform the quantitative analysis [2, 31] .
Results
The top event of the FTA consists of occurrence of a critical load outage. A fault tree is constructed for critical load outage and analyzed further for the reliability optimization. Fig. 1 illustrates the architecture of the microgrid test bed used. With the help of PCC, the microgrid is connected to the maingrid. The microgrid operates in two modes: grid connected mode and islanded mode of operation. In the grid-connected mode, through the help of PCC the microgrid is connected to main grid and the power flows between the maingrid and microgrid. While in the islanded mode of operation, the microgrid is disconnected from the maingrid and supplies power to the critical load. Microsource controller and central controllers coordinate and control the whole process.
In Fig. 1 the microgrid comprise of DERs and loads connected to the main grid. The DERs like CHP (combined heat & power), a natural gas generator, a 
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diesel generator, solar energy, wind energy and a battery as energy storage with power ratings 1.5 MW, 1 MW, 1 MW, 500 kW, 500 kW, 500 kW is considered along with a critical load of 2.5 MW. The two generators and CHP are incorporated in the microgrid operation as spinning reserves. A lithium ion battery with a power rating of 500 kW is considered with a charge and discharge rates of C/2 and C/3 respectively. The battery charges and discharges for every 2 hours and 3 hours respectively. Accordingly, the total load will become 3 MW during the charging mode of the battery energy storage. Though all the renewable energy sources fail, still the two generators and CHP can supply power to the critical load. If either a generator or CHP fails, then the power supply to critical load fails.
Fault Tree Analysis of a Critical Load
A critical load outage of power rating 2.5 MW is considered and a fault tree is built using logic gates, as illustrated in Fig. 2 . A critical load outage may occur due to failure in the microgrid or circuit breaker associated with the critical load. The intermediate gates of the circuit breaker and microgrid failures are transferred with the help of a transfer gate for easy understanding [2] . Fig. 2 shows a fault tree built for a critical load outage. "Q" denotes the failure probability of the respective component in each fault tree. The component failures are discussed in detail in below sections.
2.3.1.1 Circuit breaker Failure of the critical load may occur due to failure of circuit breaker associated with the critical load.
Therefore it is important to evaluate circuit breaker failure when considering the critical load outage. A circuit breaker is present across each energy source. Therefore, the circuit breaker is considered as an important failure in the operation of microgrid.
Possible circuit breaker failures are: tripping (electromagnetic, bimetal strip bends); circuit becomes weak; overloaded circuit; locked in closed/open position; bus bar problem; circuit breaker opens/close on command; circuit breaker open/close without command; fail to carry current; dielectric breakdown: breakdown to earth, internal breakdown across the open pole during the opening operation, across the open pole, breakdown between the poles; loss of mechanic integrity [2, [8] [9] [10] [11] 29] .
A fault tree is constructed for a circuit breaker based on primary secondary and basic failures of a circuit breaker. The intermediate events consist of primary failures. The failures which are classified in the primary failures are denoted by basic events. A fault tree is constructed with all the events and then evaluated to obtain the failure probability of a circuit breaker. The failure probability of a circuit breaker is obtained as 1.4321e-4. The failures mentioned above are considered as the intermediate events and further classified to obtain the basic events and the failure of their respective failure probabilities are evaluated.
Microgrid
The next failure which may cause critical load failure is in the microgrid. The microgrid fails when its ability to meet the critical load fails. This type of failure may be due to failures in solar energy, wind energy, CHP, battery energy storage, diesel generator or natural gas generators. The microgrid failure occurs when all the DERs fail. A fault tree is constructed for the microgrid failure as shown in Fig. 3 . The failure probability of a microgrid is obtained as 0.190507. Each energy source is considered and classified further to obtain the failures across each energy sources. A transfer gate is used to transfer the failures in each energy source into separate fault trees [2] . These are described in subsequent sections of the paper. The failure probability for the intermediate and basic events of the microgrid are represented in Fig. 3. 2.3.1.3 Solar energy Failures associated with solar energy will result in reduction of power generated in the microgrid, thus impacting the reliability of the microgrid. Solar energy failure can occur due to the failures in: circuit breaker across the solar energy, weather station, operated beyond the rated conditions, defective electrodes, inadequate design, communications, manufacturing quality defects, inverter [13, 14, 30 ].
An inverter is power electronic system which converts DC voltage to AC voltage. So, it is employed in most of the energy sources to obtain AC voltage. In the year 2012, the MTBF (mean time between failures) of the average inverter is 12 years [13] . Failure modes of inverters are as follows: over current, over voltage, thermal shock, thermal overload, extremely cold operating conditions, control software, IGBT failure-fatal failures; high voltage breakdown; static dynamic latchup; second breakdown; energy shock, non-fatal failures-bond wires lift off; gate driver failure, thermal stress, ac stress, electric stress, overload occurrence [15] . Fig. 4 shows the fault tree for a solar energy [2] . The failure probability of the solar energy is obtained as 0.025609 and the failure probability for the intermediate and basic events of the solar energy are represented in Fig. 4 . The fault tree for an inverter along with all the failures in each energy source is shown in Fig. 5 . The failure probability of an inverter is obtained as 0.015774 and the failure probability for the intermediate and basic events of the inverter are represented in Fig. 5 .
Wind energy
Due to the failure of the wind energy, the microgrid's power generation decreases which will impact the reliability of a microgrid. This will have an impact on the critical load. The circuit breaker across the wind energy also causes the wind energy to fail. Thus, the failures in the wind energy are [21] [22] [23] [24] [25] [26] [27] : technical failure-heating; grid connection; brakes; hydraulics; yaw system; rotor bearings; gear; generator; charge controller; control system; sensors; rotor blade; rotor hub; cables; main frame; main shaft; nacelle; pitch system; screws and tower; network disturbance, maintenance, minor disturbance, icing, circuit breaker across the wind energy, inverter. The fault tree of the wind energy is shown in Fig. 6 [2] . The failure probability of the wind energy is obtained as 0.059614 and the failure probability for the intermediate and basic events of the wind energy are represented in Fig. 6 . 
Battery energy storage system
The failure in a circuit breaker can cause the battery energy storage to fail. The failures in the battery energy storage are circuit breaker across the battery, energetic failures-thermal runaway; thermal abuse-cell internal temperature; cell internal pressure; cell undergoes vent; cell vent gases may ignite; cell may be ejected; electrical abuse-overcharge; over discharge; poor cell mechanism; external short circuit; charging at high current; poor cell electrodes, internal cell faults, inverter, mechanical abuse-shorting between cell electrodes; internal cell faults; damage at electrodes; severe lithium plating, non-energetic failures. The fault tree for the battery energy storage is reperesnted in Fig. 7 . The failure probability of a battery energy storage is obtained as 0.015916 and the failure probability for the intermediate and basic events of the battery energy storage are represented in Fig. 7 . 
Generators
Failures in the diesel and natural gas generators, cause to a decrease in the microgrid's power generation which will affect reliability of a microgrid. This will have an impact of circuit breaker operation. The reasons for the generator failures are [17] [18] [19] [20] : cooling, engine, exhaust, fuel oil, generator, governor, instrumentation and control, lube oil, starting air, inverter, circuit breaker across the generators. Fig. 8 shows the fault tree generator failures [2] . The failure probability of an inverter is obtained as 0.044886 and the failure probability for the intermediate and basic events of the generator are represented in Fig. 8. 2.3.1.7 Combine heat and power Failure of CHP will reduce the microgrid's power generation which will effect the reliability of a microgrid. This will also cause the circuit breaker to fail across the CHP. So, the failure causes of CHP are: gas compressor: disk-high cycle fatigue; low cycle fatigue; blade-high frequency failure due to the resonant vibration; low frequency failure due to the flutter; clashing and clanging due to the surge; stator vanes-surge clashing; high freqeuncy failure due to the flutter or resonant vibration; generator, heat exchanger, recuperator, turbine, gear box, combustor, inverter, circuit breaker [16] . The fault tree for CHP failure with a failure probability of 0.015919 is shown in Fig. 9 . The failure probability for the intermediate and basic events of the CHP are also represented in Fig. 9 .
The fault tree for the turbine failure in CHP with the failure probability of 7.2e-7 is shown in Fig. 10 . Using PTC Windchill Solutions software, a fault tree is constructed for a critical load outage using the logic gates. The microgrid failure time is considered as 30,000 s. Then the fault tree is analyzed and the results are obtained as shown in Table 1 . From Table   1 , the FTA analysis shows that the unavailability = 0.1906. Thus, the availability is 1 0.1906 = 0.8093 or 80.93%; unreliability = 0.1906. Thus, the reliability is 1 0.1906 = 0.8093 or 80.93% with frequency = 5.4306 and a failure rate = 6.7096 are obtained [2] . The frequency in Table 1 represents the frequency at which the failure occurs for a specific period of time.
Since, availability is the complement of the unavailability. Availability = 1 -Unavailability Since unavailability is 0.1906, availability is 0.8093. The availability of the critical outage is obtained as 80.93% [2] . Qualitative fault tree evaluates the basic events combinations which lead to the top event occurrence. Using Eq. (2), the minimal cut set probability for the components are obtained as: solar energy: 0.90 , wind energy: 2.044 , battery:
0.574 , diesel generator: 1.571, natural gas generator: 1.571 , CHP:
1.571 , circuit breaker: 0.0047 [2] . So, the top event probability of the critical load outage is calculated as in Eq. (3) as:
(1) Importance factors Importance factors like RAW (risk achievement worth), RRW (risk reduction worth), criticality importance and Fussel-Vesely importance along with the top event probability are included in the FTA.
Risk achievement worth: It helps to maintain the reliability of the system by identifying the components that must be maintained well. It is calculated as given below: 1
Thus, RAW for the components in the critical load outage is calculated by using Eq. (4) as follows: Solar energy:
1.01, wind energy: 0.87, battery:
1.05, diesel generator: 0.93, natural gas generator: 0.93 , CHP:
0.93 , circuit breaker 1.12 [2] .
Risk reduction worth:
It helps to increase the system reliability by finding the components that are redundant. It is given by Eq. (5) as:
RRW for the components in the critical load outage is calculated by using Eq. (5) 
Fussel-Vesely importance:
It signifies all the basic and intermediate components which cause the top event occurrence. It also helps to find the contribution of each event to the top event probability. It is calculated by Eq. (7) as:
Fussel-Vesely importance for the components in the critical load outage is calculated as follows by using Eq. (7) Qualitative analysis evaluates the minimal cut sets of circuit breaker across the critical load and also across each energy source: solar, wind, battery, CHP, Generators 1 and 2, and inverter across each energy source. The highest minimal cut set importance is obtained for the wind energy. This shows that the failure occurrence probability in wind energy is high when compared to other components.
The top event probability calculation of a critical load outage is evaluated by quantitative analysis. This indicates the system failure probability. Then the importance measures-RAW, RRW, criticality importance and Fussel-Vesely importance-are calculated. For the critical load outage, the highest value for the RAW is attained by the circuit breaker across the critical load along with the solar energy and battery energy. The probability for the outage of the critical load occurrence is indicated by the RAW. The component with highest RAW should be well maintained so that the reliability will not decrease over the time. This also helps to reduce the risk of the system. The wind energy attains the highest RRW value which indicates that the risk of the respective components modeled in their respective events is worth to decrease [6] . Also, the overall risk is reduced. The components which are redundant are identified by RRW. The wind energy is the redundant component which should be maintained well to enhance the microgrid reliability. The reliability of the components are evaluated by the criticality importance. Wind energy has the highest sensitivity of all. Finally Fussel-Vesely importance is calculated to identify the basic and intermediate components which leads to the top event occurrence [2] .
Conclusions
Outage for a critical loadin a microgrid is considered.
Using the PTC Windchill solutions, the critical load's reliability and availability is calculated. The fault trees are subsequently analyzed and results are obtained. A graph for unavailability is obtained for a time period of 30,000 seconds. The reliability and availability is 80.93%. The highest value for the minimal cut set importance is obtained for the wind energy, which implies that the failure probability is high for wind energy. Then the evaluation of quantitative analysis is performed for all the components. Also, the importance measures are evaluated and calculated to find the component which are sensitive and at high risk. Among all the components, the circuit breaker across the critical load attains the highest RAW. This implies that the occurrence of a critical load outage is mostly effected due to the circuit breaker across the critical load. So, it must be maintained well to ensure that the reliability will not decrease over the time. The wind energy has the highest RAW value, that is, it must be maintained well as it is at high risk. Next, the criticality importance defines the reliability of the components. Of all the components, wind energy is at high risk and has high sensitivity of all the components. Finally, the Fussel-Vesely importance identifies the basic and intermediate components which leads to the top event occurrence. Thus, it states that the components which are high risk should be maintained well to optimize the reliability.
